A series of heteroepitaxial Ba 0.6 Sr 0.4 TiO 3 were grown on 0.29(LaAlO 3 ):0.35(Sr 2 TaAlO 6 ) substrates using pulsed-laser deposition. X-ray characterization revealed compressive in-plane stresses in the thinnest films, which were relaxed in a continuous fashion with increasing thickness. A theoretical treatment of the misfit strain was in good agreement with the measured out-of-plane lattice parameter. The low-frequency dielectric constant was measured to be significantly less than the bulk value and found to decrease rapidly for films less than 100 nm. A thermodynamic model was developed to understand the reduction in dielectric constant. By observing the microstructure using plan-view and cross-section transmission electron microscopy, we identified local strain associated with a threading dislocation density on the order of 10 11 cm Ϫ2 as a possible mechanism for dielectric degradation in these films. © 2000 American Institute of Physics.
Ferroelectric materials offer an enticing prospect for incorporation into frequency-agile microwave electronic components, including phase shifters, varactors, tunable filters, and antennas. [1] [2] [3] [4] [5] Ultimately, these materials are envisioned to enter into microwave integrated circuits for possible insertion in satellite and wireless communication platforms. [1] [2] [3] [6] [7] [8] In this area, (Ba,Sr͒TiO 3 -based ceramic thin films are considered by many as the forerunners for room-temperature ͑RT͒ applications. 3, [5] [6] [7] 9, 10 (Ba,Sr͒TiO 3 solid solutions exhibit a large permittivity that can be as large as 10 000 for bulk samples near the ferroelectric transition temperature (T C ). Tuning applications rely on the nonlinear dielectric response of ferroelectric materials, which can be significant close to T C . 11 In this letter, we report on a systematic investigation of the dielectric properties in Ba 0.6 Sr 0.4 TiO 3 ͑BSTO͒ thin films grown on 0.29(LaAlO 3 ):0.35(Sr 2 TaAlO 6 ) ͑LSAT͒ substrates as a function of film thickness. The evolution of the microstructure was carefully analyzed using a JEOL 4000 FX transmission electron microscope ͑TEM͒ operated at 300 keV as well as a Siemens D5000 four-circle x-ray diffractometer ͑XRD͒. The in-plane dielectric constant ⑀ 11 was mapped as a function of film thickness and by using a basic thermodynamic model we are able to correctly interpret its evolution. In addition, we show compelling evidence that local strain fields associated with threading dislocations in our films severely impact the dielectric response.
The BSTO films were fabricated using 1 cm 2 ϫ0.5 mm LSAT substrates by pulsed-laser deposition ͑PLD͒. The substrate temperature was held at 800°C during deposition while a dynamic pressure of 120 mTorr O 2 was established in the chamber. A 248 nm laser with a fluence of 1.5-2 J/cm 2 was used, corresponding to a growth rate of 0.15 nm/s. Films were fabricated using Ba 0.6 Sr 0.4 TiO 3 high-density ceramic targets and ranged in thickness from 8 to 350 nm. The dielectric measurements were performed by using the conventional interdigital electrode ͑IDE͒, consisting of 50 fingers separated by a 15 m gap. Each finger had a width of a 25 m finger and length of roughly 0.70 cm. Standard photolithography techniques were used to define the pattern and metallization performed via deposition of a 100 nm Au layer using PLD. The dielectric properties were then measured using an HP 4192 impedance/gain analyzer.
Standard -2 XRD scans revealed only ͑00l͒-type reflections and no evidence of second-phase nucleation in the BSTO layer for all of our films. The evolution of the out-ofplane lattice constant a Ќ is shown as a function of film thickness in Fig. 1 pressive in-plane stress within the film for all film thicknesses, as observed in our XRD analysis. The out-of-plane lattice parameter can be related to the in-plane strain x M as follows:
where C i j are elements of the elastic moduli at fixed polarization. 12 x M for the thicker films ͑film thickness h у100 nm͒ are an order of magnitude less than the lattice mismatch between the film and the substrate, i.e., x M 0 ϭ(a S Ϫa 0 )/a S due to relaxation by misfit dislocation formation.
Assuming that no additional dislocations form during cooling down from T G , 13 this relaxation can be taken into account using an ''effective'' substrate lattice parameter ā S .
14, 15 The critical thickness for dislocation formation is around 2 nm for BSTO and LSAT, calculated from the Matthews-Blakeslee criteria. 16 The degree of relief provided by misfit dislocations increases with thickness, which lowers the out-of-plane parameter towards its equilibrium value of 0.395 05 nm. The theoretical values of the out-of-plane lattice parameters were calculated replacing a S in Eq. ͑1͒ with ā S . They are in excellent agreement with the experimentally observed values. The thermal expansion coefficients of BSTO and LSAT were taken to be 10ϫ10 Ϫ6 and 11 ϫ10 Ϫ6°CϪ1 , respectively. Rocking-curve scans revealed peak widths of the BSTO ͑002͒ reflection of less than 0.15°, the resolution of the diffractometer. A similar investigation of ͓011͔ reveals a larger value of 0.05°indicating larger inplane mosaic spread.
⑀ 11 data as a function of voltage at 1 MHz for several samples within the thickness series is shown in Fig. 2͑a͒ . For thicker films the permittivity of the BSTO was extracted from the capacitance data using a model outlined by Gevorgian, Linner, and Kollberg. 17 For the very thin films ͑р50 nm͒, where the effect of the film on the overall capacitance is small, a perturbation approach was adopted. The contribution from the LSAT substrate to the capacitance was measured by depositing IDEs on several bare LSAT pieces. The value obtained was modified to account for the addition of the BSTO layer by using corrections obtained from the model mentioned previously.
As can be seen in Fig. 2͑a͒ , all BSTO films in this series display hysteresis in their C-V characteristics. From the literature for bulk BSTO͑60:40͒, T C is reported to occur at ϳ2°C. Epitaxial strains or defects can cause shifts in T C in the case of thin films, 9,10,18 as observed for our films. We have extracted from the ⑀ 11 /⑀ 0 versus applied voltage curves the zero-field value and plotted it as a function of film thickness ͓Fig. 2͑b͔͒. The dotted line suggests that the dielectric constant decreases rapidly with decreasing thicknesses below 100 nm. Also, ⑀ 11 saturates for the thicker films at a value ͑ϳ1400͒ which is significantly lower than that measured on bulk BSTO ͑у5000͒ at RT. The tan ␦ is relatively insensitive to film thickness, fluctuating around a value of 0.035. In addition, the tuning characteristics follow a similar trend as the dielectric constant, saturating at a value slightly higher than 50% at 40 V.
It is reasonable to explain the decrease in the thin-film limit as a consequence of the compressive in-plane strain in this regime. The dependence of the dielectric constant on internal stresses can be determined from
where ␣ϭ(TϪT C )/2⑀ 0 C is the dielectric stiffness, T C and C are the Curie temperature and constant, respectively, ⑀ 0 is the permittivity of free space, P is the polarization induced by the electric field E along the ͓100͔ direction, and F el is the elastic energy. The elastic energy is given in terms of the components of the stress and strain tensors i and x i ͑in the Voigt notation͒, respectively, as 
͑4͒
where C ϭC 11 ϩC 12 Ϫ2C 12 2/C 11 . The dependence of the reciprocal dielectric constant on the misfit strain is illustrated in Fig. 3 . For the electrostrictive coefficients of BSTO, we 19, 20 and taking T C ϭ2°C. 21 For stress-free films, the theoretical relative dielectric constant is approximately 5300, in good agreement with the bulk value at RT. Superimposed on Fig. 3 are the experimental values of the reciprocal dielectric constant and the corresponding misfit strain. For the experimental values, the same trend as the theoretical calculation is observed. However, the curve has shifted towards higher values, indicating a systematic decrease in the dielectric constant. We attribute the difference to the large threading dislocation density in our films. The dashed line is the theoretical estimation shifted upwards such that it fits the experimental observations. It suggests that the presence of the highly dense threading dislocation structure alters the dielectric stiffness of the material such that it results in an overall reduction in the dielectric constant. Upon annealing at 975°C for 15 h, we observe a reduction in the threading dislocation density and a simultaneous recovery in the dielectric properties towards the theoretical estimate ͑the experimental points are marked on Fig. 3͒ .
Plan-view bright-field TEM images of a 120 nm BSTO/ LSAT film reveal a huge density of threading dislocations, with a density of 2.2ϫ10 11 cm Ϫ2 , representing one threading dislocation within every 12.6 nm radius. This is 3-4 orders of magnitude higher than typically observed in semiconductors. All BSTO/LSAT films imaged for this work show similar threading dislocation densities.
High-resolution images reveal these dislocations to be edge type with a Burgers vector bϭ͓100͔ BSTO . Associated with each dislocation is a local strain field which, in the vicinity of the core, is greater than the macroscopic misfit strain. Due to the extremely high densities measured for these films, it is quite likely that neighboring dislocations still have overlapping strain fields. Skulski and Wawrzala 22 have shown a broadening of the phase transition along with an overall decrease in dielectric constant as the density of these dislocations increases. The density we measure represents a five order increase over the values used in that work. These arguments strongly support local strain associated with threading dislocations as another mechanism for dielectric degradation in these heteroepitaxial BSTO thin films.
In summary, a series of heteroepitaxial BSTO thin films were prepared on LSAT substrates. The measured a Ќ values indicated the existence of compressive in-plane strain in these films which relaxed with increasing thickness, and represented only about 0.25% even for the thinnest sample. A theoretical model used to calculate the heteroepitaxial stresses in our films showed good agreement with the experimental measurements. A significant reduction of the dielectric constant was observed compared to bulk samples. TEM images suggest that local strain associated with a huge density of threading dislocations was responsible for this shift. FIG. 3 . Theoretical dependence of the reciprocal dielectric constant on the film thickness and the experimental data. The dashed line is the theoretical curve shifted upwards such that it fits the experimental data. The dielectric constant of the annealed samples are in good agreement with the theoretical predication.
